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Introduction: Simulation and modeling represent promising tools for several appli-
cation domains from engineering to forensic science and medicine. Advances in 3D
imaging technology convey paradigms such as augmented reality (AR) and mixed
reality inside promising simulation tools for the training industry.
Methods: Motivated by the requirement for superimposing anatomically correct 3D
models on a human patient simulator (HPS) and visualizing them in an AR environment,
the purpose of this research effort was to develop and validate a method for scaling a
source human mandible to a target human mandible within a 2 mm root mean square
(RMS) error.
Results: Results show that, given a distance between 2 same landmarks on 2 different
mandibles, a relative scaling factor may be computed. Using this scaling factor, results
show that a 3D virtual mandible model can be made morphometrically equivalent to
a real target-specific mandible within a 1.30 mm RMS error.
Conclusion: The virtual mandible may be further used as a reference target for
registering other anatomic models, such as the lungs, on the HPS. Such registration will
be made possible by physical constraints among the mandible and the spinal column
in the horizontal normal rest position.
(Sim Healthcare 3:103–110, 2008)
Key Words: Augmented reality, Morphometry.
Medical simulation techniques have become an important
aid for understanding and perceiving the fundamentals of clin-
ical procedures. Under the clinical envelope, key training appli-
cations such as the development of dynamic anatomy visualiza-
tion for teaching1 and computer-assisted guidance in surgery2
couple medical simulation with visualization frameworks. The
usage of subject-specific anatomy and physiology further en-
hances the medical simulation and visualization applications
from training paradigm to diagnostics and subject-specific plan-
ning of clinical interventions. Examples of applications include
visualization of human models under normal and diseased
states and minimally invasive surgical guidance.3
The focus of our research is to integrate medical visualiza-
tion techniques to the human patient simulator (HPS), a
human-like plastic mannequin, which allows different respi-
ration functionalities to be simulated. Specifically, the sub-
ject-specific 3D models are superimposed on a HPS and vi-
sualized in an augmented reality (AR) environment. In the
context of generating an effective visualization of the airways
of the HPS for example, the requirement to appropriately
scale and register previously acquired 3D anatomy from a
source human model to fit the HPS arises. The scaling of the
mandible is a first step towards obtaining the 3D scaled inter-
nal anatomy for the HPS. In our approach, the mandible is
used as a reference target for registering anatomic models,
such as the lungs and the larynx, on the HPS. Such registra-
tion is made possible by physical constraints between the
mandible and the spinal column in the horizontal normal
rest position as further illustrated in the Discussion.
In this article, we discuss a method to scale a 3D mandible
model to morphometrically fit the 3D mandible of the HPS.
Once scaled, the 3D mandible model can be registered to the
HPS chin using simple rigid registration techniques.4 This
study demonstrates that, within a gender, race, and age
group, it is feasible to scale two 3D high-resolution mandibles
to make them morphometrically equivalent. Based on per-
sonal communications with medical experts, an overall mor-
phometric equivalence within a 2 mm root mean square
(RMS) error was clinically established to be sufficient for the
development of human-scale AR training procedures.5 Such
performance imposes an upper bound on the departure of
3D models from the internal anatomy of the HPS by con-
struction. Given that the HPS follows the anatomy of a young
adult male, in the selection of mandibles, we considered 3
male white subjects within the age group of 16- to 24-year-
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old where the mandible growth has attained its full maturity,
and no degeneration has taken place. The methodology dis-
cussed in this article leads to the computation of a scaling
factor for which 2 subject mandibles can be made morpho-
metrically equivalent.
RELATED WORK
Morphometrics generally refers to the analysis of size and
shape.6 Although size changes refer to a proportional increase
or decrease in all dimensions of a 3D model, shape change
refers to a change in the outline of the form under examina-
tion.7 There are 2 distinct groups of techniques in the current
literature: landmark-based techniques and boundary outline
techniques. Landmark-based techniques are based on estab-
lishing distance and angle relations between the landmarks.
Boundary outline techniques on the other hand investigate
the shape of the perimeter of a structure defined at a certain
resolution.
Initial methods of landmark-based analysis were based on
either a statistical or superimposition approach. In the case of
a statistical approach, a suitable 3D model is chosen from a
database of 3D models based on the landmark positions (eg,
facial morphing8). In the case of a superimposition approach,
the 3D models were scaled and rotated until the eigenvectors
of the covariance matrix of landmarks of the two 3D models
matched with preset tolerances.9 Using these methods, the
local surface variations were not represented accurately. De-
formation methods such as Finite Element Methods10 and
Thin Plate Splines11 were used to estimate the shape differ-
ence between two 3D virtual models. The required deforma-
tion conveyed their morphologic differences. Surface recon-
struction methods such as elliptical Fourier functions12 and
medial axis methods were also used for boundary outline
estimation analysis. These latter methods convey the shape
changes between 2 given 3D virtual models effectively in
terms of a set of spherical basis functions. The deformation
and surface reconstruction methods provided measurements
with high precision but lacked an established relationship
to biology and statistical variations required for effective
analysis.4,13
The biologic effect on the shapes of anatomic organs is
better represented using Growth Allometry techniques,14
where the direction of growth of an anatomic structure based
on race and age of a subject is taken into account. An ap-
proach to model the mandible bone growth along the surface
of the mandible is presented in.14 Such methods were limited
by the lack of mathematical flexibility and user-friendliness.
The most flexible and user-friendly methods for algebraic
analysis are the Conventional Cephalometric Methods15 and
analysis based on the landmarks linear distance, angles, and
ratios. However these methods do not adequately represent
the shape details and are not fully capable of evaluating shape
and size. Euclidean distance matrix analysis (EDMA) was
proposed as an improvement to these conventional meth-
ods.13 In this method biologic shapes are compared using
landmark coordinate data by mathematically localizing their
morphologic distances. The resultant is a set of ratios among
the Euclidean distances.
METHODS FOR VIRTUAL 3D MANDIBLE GENERATION
The virtual 3D mandibles were generated via high resolu-
tion digitization (ie, a point was measured within 0.1 mm
accuracy) From a set of digital 3D points, a 3D polygonal
representation of the real object was obtained. The alterna-
tive would consist in segmenting CT models. In this first
investigation we wanted to ensure the highest possible accu-
racy of the 3D models.16,17 When considering CT, one would
want to quantify errors caused by both the limited resolution
of the CT acquisition (ie, 2.5 mm) and the segmentation
process. Three adult white male mandibles shown in Figure 1
were obtained from Global-Technologies.18
The computer generated models corresponding to these
mandibles were obtained through a nondestructive 2-step
digitization process performed with an optical tracking sys-
tem, the Optotrak 3020,19 and its associated digitizing probe.
In the first step of digitalization, the position information
from the mandible’s surface was collected. Naturally, the res-
olution of the generated model was proportional to the num-
ber of points collected. For this particular experiment, we
divided the mandible surface in 15 regions of different sizes,
with larger sizes where the surface curvature was low. Regions
slightly overlapped, and we collected about 2000 points from
each region.
In the second step, the collected data was imported in the
Geomagic Studio 5.0,20 a software package that allowed re-
dundant point elimination and generated a 3D polygonal
model. The points collected in the fifteen regions were
merged for each mandible. The 3D polygonal models ob-
tained consisting of 47 k polygons each are shown in Figures
2A to 2C.
Figure 1. Adult white male mandibles.
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MANDIBLE SHAPE ANALYSIS
We used a landmark-based shape analysis to scale a given
mandible to a target mandible. Such a scaling approach sat-
isfied the requirement of being able to put the models in
coincidence within a 2 mm RMS error. Landmark selection,
shape characterization, and scaling computation of one man-
dible to another are described in the following sections.
Landmarks Selection
There are 77 significant landmarks on the human mandi-
ble selected for clinical applications such as function regula-
tor therapy, which deals with mandible repositioning and
rotation.12,21,22 In this experiment 31 landmarks were chosen
independently by one anatomist and one medical expert
based on their biologic importance and the direction of
growth.14,23 The 2 experts selected the same landmarks as a set
with 100% accordance. Specifically, they selected 3 land-
marks (ie, number 1, 2, and 3) common to both the left and
right sides of a real 3D mandible, and 14 additional land-
marks per side, totaling 31 landmarks as shown in Figure 3.
Note that the numbering of the landmarks is not the same as
that provided in reference23; rather it follows a 1 to 31 num-
bering for the subset of selected landmarks.
The 2 experts then recorded the position of the 31 selected
landmarks on each computer generated mandible in one ses-
sion. Both experts repeated the procedure once for each man-
dible at least 2 weeks later, thus each landmark was identified
with 2 independent markings per expert. In the localization
of each landmark, the experts were asked to consider the
spatial location of each landmark and to localize its centroid.
To determine the most accurately chosen landmarks we im-
ported all 4 sets of landmarks on top of the digitized mandible
model and we determined for each landmark the average of
its Cartesian coordinates as well as its standard deviation
based on the available datasets (ie, 4 markings total per land-
mark) Among all pairs of landmarks, of interest was not only
their accurate marking but also their palpability given that in
the final application the landmarks need to be marked on a
HPS. Among the easily palpable landmarks, landmarks 1 and
7 were found to be the most accurate, and thus, their distance
was chosen as the reference length used for shape character-
ization.
Having repeated landmark selection within expert and 2
experts provides us with some measure of inter- and intraex-
pert variability among experts in the generation of a surro-
gate of ground truth for landmarks location on the mandi-
ble.24 In deciding on the minimum required number of
experts needed for a given task, we showed in another appli-
cation related to a more complex task, that in segmentation of
3D models, it was sufficient for 3 experts to repeat delinea-
tions 3 times to assess intra- and interexpert variability for
ground truth generation.25 Hand marking by experts, con-
ducted under the same strict protocol, is still the best method
to generate ground truth for the landmarks on the mandible.
The choice for 2 experts in the marking of landmarks is con-
sistent with the task complexity. A more extensive follow-up
study could focus on selecting and digitizing a larger number
of mandibles to show variation of human anatomy in differ-
ent phenotypes, as well as including more experts.
Mandible Shape Characterization
We tailored the EDMA method to the 3D mandible mod-
els generation. The distances between landmarks were com-
puted along the surface of the 3D models using geodesic
distances.26 –28 The strength of this method lies in combining
the mathematical simplicity of the EDMA method discussed
in13 with the biologic growth statistics of the mandible.13 The
work exemplifies translational research driven by a medical
application where known methodologies in different areas
combined together, as in our case: biomathematics, biology,
imaging, modeling, 3D visualization/virtual reality and mor-
phometry are tailored to serve best the application. Transla-
Figure 3. Landmark selection and landmark pairs.
Figure 2. 3D virtual models of the three mandi-
bles shown in Figure 1. (A) Mandible 1; (B) mandi-
ble 2; (C) mandible 3.
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tional research in conjunction with well stated medical chal-
lenges can serve 2 causes: solve a sound medical problem and
generate potential new open problems in the component areas.
To proceed with the characterization of each mandible,
landmark pairs based on the direction of growth of the man-
dibles were formed,14 yielding 11 pairs. The landmark pairs
are shown in Figure 3.
We then define 2 types of ratios:
• The Local Ratios, denoted as LRi,j, are the ratios of the
length Li,j between selected pairs of landmarks i and j to
the reference length R on the same mandible as illus-
trated in Figure 4 (ie, LRi,j  L i,j/R).
• The Global Ratios, denoted as GRi,j, are the ratios of the
local ratios for any pair of landmarks across any 2 man-
dibles. The hypothesis is that they will be approxi-
mately 1 indicating that the local ratios are equal. The
GRi,j, may be expressed as
GRi, j 
LRi, j for mandible a
LRi, j for mandible b
(1)
The geodesic distance between the landmarks of each
landmark pairs was computed using the GeoMagic distance
tool. Further we normalized the distance between the land-
mark pairs by the distance between landmarks 1 and 7 de-
noted as R. Given the local ratios for each mandible, the set of
global ratios was determined for each pair of mandibles ie,
mandible 1 and 2 (Fig. 5), mandible 2 and 3 (Fig. 6), mandible
3 and 1 (Fig. 7). The left and the right sides of each mandible
were treated independently to capture potential asymmetries
and are represented on each figure with a square and a trian-
gle symbol, respectively. The measurements are plotted for
each expert separately on the left and right side, respectively.
Results show that the global ratios are 1 within a 20%
range, with a RMS variation of 3%. Such results suggest that
the distances are proportional which leads us to the following
hypothesis: if the distance between 2 landmarks on the man-
dible is given, which characterizes the growth under a partic-
ular age group, the distance between other landmarks can be
computed. Such a relationship allows us to generate scaled
3D mandible models from a given mandible model. The plots
in Figure 5 also point to the symmetry of the right and left
sides of the mandibles because the global ratios for the left
and right sides follow a similar trend.
To quantify the landmark selection we computed the av-
erage values of the local ratios over the 3 mandibles for each
pair of landmarks. Figure 8 presents the plots of these aver-
ages for each anatomist in each session. Results show that
these values are extremely close to each other, thus pointing
to the consistency of the landmark selection process.
Scaling Computation
The method of scaling a generic mandible to a target man-
dible proceeded as follows. We first marked the positions of
the reference landmarks pairs in the generic and target man-
Figure 4. Local ratio.
Figure 5. Global ratios for mandibles one and two, expert one on the left, expert two on the right. The landmark pairs are as labeled in Fig-
ure 3. The global ratios of left and right sides of the mandibles are very close to each other and is in the proximity of one.
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dibles and computed the distance between them along the
surface of that mandible. We then computed the ratio of the
reference landmarks pair lengths across the 2 mandibles. This
ratio generated a relative scaling factor that was used to scale
a given mandible to the target mandible on the directions of
growth. As discussed in14, we established 2 main directions of
growth with the point of dental-protruberance, taken as the
origin. The directions are (i) vertical along the symphysis and
(ii) horizontal along the midpoints of the 2 anterior masseter
corners. Using this new coordinate system, the source man-
dible was scaled to the target mandible using the Geomagic
software package.
ANALYSIS OF VIRTUAL MODEL SIMILARITY
To quantify the scaling process we compared a generated
scaled virtual mandible model to real counterpart. For this
experiment, we used 2 real mandibles denoted M1 and M2.
The models had a level of similarity with an RMS departure of
2.15 mm mean and 1.32 mm standard deviation. The quan-
tification experiment consisted of the following steps:
1. Obtained a virtual model (VM1) for mandible M1 us-
ing the digitization process described earlier.
2. Scaled VM1 using the method proposed in Scaling
Computation from M1 to M2. Let us call this generated
virtual model VM1Scaled.
3. Obtained a virtual model (VM2) for mandible M2 us-
ing the same digitization process. This step was neces-
sary only for the purpose of quantifying the similarity
between the 2 virtual models VM2 and VM1Scaled.
4. Registered the mandible VM2 with VM1Scaled using a
rigid body transformation with Geomagic software. The
chin landmarks (1, 2, and 3) of both the mandibles were
first associated. The VM1Scaled was then rotated along the
vertical chin axis until the distances between the land-
marks 7L and 7F of both mandibles were minimized.
5. Compared VM2 and VM1Scaled using an RMS error
analysis between all the surface nodes of both mandibles.
Figure 7. Global ratios for mandibles three and one, expert one on the left, expert two on the right. The landmark pairs are as labeled in
Figure 3. The global ratios of left and right sides of the mandibles are very close to each other and is in the proximity of one.
Figure 6. Global ratios for mandibles two and three, expert one on the left, expert two on the right. The landmark pairs are as labeled in Fig-
ure 3. The global ratios of left and right sides of the mandibles are very close to each other and is in the proximity of one.
Vol. 3, No. 2, Summer 2008 © 2008 Society for Simulation in Healthcare 107
To perform a preliminary subjective visual assessment,
one model was set of blue color and the other of gray color.
Figure 9 provides a subjective assessment of the high similar-
ity of the two 3D virtual models.
For a quantitative and objective assessment, once the ref-
erence landmarks were placed in coincidence, we computed
the distance between each pair of vertices in the 3D models
and drew a color distance-map that shows the areas of perfect
fit (ie, light color) as well as the largest displacement (ie, dark
color) between the vertices of the 2 models (Fig. 10).
As we can see in Figure 10, the light color is predominant
in the images, which shows at these locations a perfect fit
Figure 8. Local ratio averages over the three mandibles for each expert and session.
Figure 9. VM1Scaled in blue color superimposed over
VM2 in gray color.
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between the 2 virtual models. Table 1 provides a quantitative
summary of the results. It is important to note that in the
experimental protocol, the fact that a similar digitization pro-
cess was used in the quantification algorithm allowed us to
ignore the digitization error terms because these errors com-
pensated each other when the distance between the pair of
vertices was computed.
Results show a level of similarity with an average depar-
ture of 1.30 mm within a 0.99 mm standard deviation. Such
performance well satisfies the requirement of being able to
put the models in coincidence within a 2 mm RMS error.
DISCUSSION
In this article we have presented a method and study on
scaling a 3D mandible model to morphometrically fit the 3D
mandible of the HPS. The method was validated with a
source and target mandibles in the same age range16 –24, gen-
der and race. This scaling step forms the first step towards
scaling the upper and lower airways of the HPS, which could
significantly enhance training on the HPS.
We discussed a landmark-based shape analysis to scale a
given mandible to a target mandible. Such a scaling approach
satisfied the requirement of being able to put the models in
coincidence within a 2-mm RMS error. We tailored the
EDMA method to the 3D mandible models generation. The
strength of this method is that it combines the mathematical
simplicity of the EDMA method discussed in13 with the bio-
logic growth statistics of the mandible discussed in.14
Results discussed in this article constitute a preliminary
proof that the distances are proportional, which leads us to
the following hypothesis: if the distance between 2 landmarks
on the mandible is given, which characterizes the growth
under a particular race age and sex group, the distance be-
tween other landmarks can be computed. Such a relationship
allows us to generate scaled 3D mandible models from a given
mandible model.
The sample datasets used in this article correspond to
white men at the age group 16 to 24, where growth de-
generations are not seen. Future work would involve the
usage of mandibles of different age race and sex category.
The usage of biologic growth statistics that corresponds to
the mandibles of different age race and sex will also be
investigated.
The work exemplifies translational research driven by a
medical application where known methodologies in different
areas combined together. Such translational research can
serve 2 causes: solve a sound medical problem and generate
potential new open problems in the component areas.
CONCLUSION AND FUTURE WORK
This article presents an alternative method to patient spe-
cific data acquisition of generating 3D models for augmented
reality medical applications. We show that 3D anatomically
correct mandible models can be scaled considering particular
landmarks to be made morphometrically equivalent to each
other. The method used to compute a scaling factor is simple
in implementation, yet it could generate 3D mandible virtual
models with vertices within a predicted 1.30 mm average
error bound from their real counterparts. In the future we
could investigate a larger number of mandibles that will rep-
resent different phenotypes categorized by gender, age, race
and other to expand on the results found in this study.
Table 1. Comparison Statistics
Number of polygons per model 46,950
Number of vertices per model 23,478
Maximum distance between two vertices 5.65 mm
Average distance between two vertices 1.30 mm
Standard deviation 0.99 mm
Figure 10. (VM1Scaled, VM2) Vertices distance
map.
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